Subwavelength-resolution phase images of phase dislocations at the focal region of a 203, 0.4-N.A. lens have been obtained by use of an optical fiber interferometer with a tapered probe in one arm. A phase-stepping algorithm is used to determine a quantitative value of the phase at each point in the scan, clearly showing the presence of edge dislocations between the Airy rings of the diffraction pattern near the lens focus, as well as four isolated screw-type singularties caused by astigmatism in the lens. © 2002 Optical Society of America OCIS codes: 040.2840, 060.2350, 180.3170, 110.0180, 110.2350 There has recently been increasing interest in the role of phase discontinuities in optical wave fields.
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From a fundamental perspective, such discontinuities are essentially ubiquitous, appearing at all nulls in the f ield intensity, but nevertheless their role is largely ignored in conventional treatments of optics. Phase dislocations are significant in the vicinity of various optical waveguiding structures 4, 5 and in the output of vertical-cavity semiconductor lasers. 6 More commonly, phase dislocations are found near the foci of high-N.A. lenses, 7 as used in high-resolution optical imaging systems and light-force manipulation of matter. 8 Observation of the structure of these singularities has until recently been limited to indirect far-f ield methods with limited resolution or to evanescent waves. 4, 5 In this Letter we present what are to our knowledge the first direct high-resolution quantitative phase images of phase discontinuities in a freely propagating beam, showing their detailed structure and behavior. The phase of a laser f ield in the focal region of a high-N.A. lens is imaged in three dimensions by extensions of techniques originally developed for near-f ield scanning optical microscopy. 9 We have observed edge dislocations associated with the Airy rings and point singularities consistent with those predicted by astigmatic aberrations.
The f ield structure in the focal plane of a lens has been calculated by many authors (see, e.g., Refs. 10-16). Analytic and numerical models have yielded qualitatively similar beam structures in the focal plane, that is, a central focal spot surrounded by alternating concentric dark and bright Airy rings, with a p phase discontinuity at each zero of the intensity in the focal plane. In the presence of astigmatism the ring singularity is distorted along the optical axis, while remaining topologically invariant (Fig. 1) . The idea of a focal plane is not so clearly def ined in this situation; if an image of the f ield is taken in a plane orthogonal to the optical axis, four vortex-like singularities of alternating sign are seen, rather than a continuous ring. Using the method of Ref. 16 , we have calculated the phase in the focal plane of a 0.4-N.A. spherical lens in the presence of a small amount of astigmatism [ Fig. 1(c) ]. The expected ringlike phase discontinuities have been softened and replaced with four pointlike discontinuities that are due to astigmatism. These spherical lens results are in agreement with calculation 11 and observations 17 for a Gaussian lens.
Rhodes et al. 18 reported high-resolution imaging of the intensity near a 0.1-N.A. lens focus by use of near-field scanning optical microscopy techniques. A tapered Al-coated optical f iber probe with an aperture of 50-100 nm was used to obtain subwavelength resolution. Singularities have also been observed in the intensity near a lens focus by use of direct imaging of the field onto a CCD chip. 7 That experiment demonstrated the behavior of phase singularities, manifested as intensity nulls, but the spatial resolution of the technique limited the N.A. of the lens under study to less than 0.01. These experiments 7, 18 measured the intensity alone. Measurement of both the intensity and the phase distribution in the focal region allows complete characterization of the beam and of the focusing system. Complicated phase behavior associated with the creation and annihilation of singularities has been predicted 7, 15 ; the ability to observe such behavior with high resolution would make it possible to shed light on the mechanisms that are responsible. The phase structure in a focal region also has a significant effect on a field's interaction with particles; for example, the presence of an axial singularity has been shown to lead to a transfer of angular momentum to a particle trapped in the beam. 19 In this Letter we demonstrate high-resolution quantitative measurements of the phase structure of a freely propagating beam in the focal region of a lens. We use a tapered metal-coated f iber probe as a detector in conjunction with a pseudo-heterodyne technique, in which the phase difference between two arms of an interferometer is modulated in an approximately linear manner while a series of intensity measurements are made. A phase-stepping interferometry algorithm is then used to obtain quantitative values of phase at each point in the microscope scan. 20 The scanning apparatus permits images to be recorded in a number of planes in three dimensions and allows us to obtain a complete field mapping of the focal region.
Our scanning phase interferometer is based on a modif ied aperture-type near-f ield scanning optical microscope in which the probe forms the signal arm of a fiber interferometer (Fig. 2) . Light was coupled into a single-mode optical fiber from a He -Ne laser operating at 632.8 nm. This mode was split between two f ibers by use of a 99͞1 fused f iber coupler. The fiber carrying the lower intensity formed the reference arm of the interferometer. Cleaning the signal f iber at an angle of 7 ± minimized backref lections, and the resulting free-space beam was collimated by use of a lens with 25-mm focal length. The collimated beam illuminated a 203, 0.4-N.A. microscope objective to produce the focal f ield under investigation. The near-f ield probe was positioned within the focal spot and the light coupled into the probe was combined with the reference arm via a 50͞50 f iber coupler. The resulting signal was detected with a photomultiplier tube.
We optimized the interference contrast by matching the intensities in the signal and the reference arms with an adjustable attenuator in the reference fiber. We also inserted a phase modulator into the reference arm to allow pseudo-heterodyne phase extraction. The modulator consisted of a multilayer piezoceramic stack that varied the interferometer phase by applying a mechanical strain on the reference f iber.
The quantitative phase was determined with a computed heterodyne method, described in detail in Ref. 20 . The intensity of the signal is necessarily zero at a singularity, and hence the fringe contrast at this point vanishes, making accurate phase determination by use of interferometric methods diff icult. Our phase-stepping technique made it possible to obtain pure phase maps of d, despite this large dynamic range in intensity and contrast. The technique also has a rapid response compared with that of lock-in detection and does not suffer loss of lock problems.
To identify the presence of singularities, we note that the integral of the phase gradient along a closed loop encompassing the singularity is an integral multiple of 2p:
where n is an integer known as the charge of the singularity. 1 Thus, for a field with arbitrary phase, the presence of a singularity is indicated by a nonzero integral of a closed loop. For a discrete phase map, each pixel has a f inite spatial extent, with a phase averaged over the pixel area (or the probe aperture). We identify singularities by f inding closed loops through a set of four adjacent pixels that enclose a singularity. The discrete phase sum over these pixels is identically equal to zero for any distribution of f, as the phase value at each pixel is added and subtracted exactly once. It is necessary for the phase to have two different values at the same point for there to be a singularity in the field. A point with two different phase values is possible because of the multivalued nature of the phase f ield, a property lacking in the discretized phase image, which has been wrapped into the range 0 to 2p.
We calculate the discrete phase sum around each pixel 21 but locally unwrap the phases on each segment of the path to prevent adjacent pixels from acquiring a difference in phase magnitude that exceeds p. The existence of a singularity between the pixels is then determined by a nonzero value for the unwrapped phase sum, which should then be an integer multiple of p:
(2) Figure 3 shows intensity and phase images for a 12 mm by 12 mm area in the focal plane of the 203, 0.4-N.A. lens. A tilt in the imaging plane has been subtracted from the phase image. The large focal spot size and the large amplitude of the first Airy ring indicate signif icant spherical aberration, whereas the asymmetric intensity distribution is produced by astigmatism [ Fig. 1(c) ]. The cosine of the phase data is displayed because this shows the structure of the field more clearly than the raw phase data; it should be remembered, however, that it is the phase, not its cosine, that has been calculated with the procedure described above.
There are four vortex-like singularities in the phase f ield, at the positions marked by squares in Fig. 3 . The singularities are of alternating sign: Starting at the top left and proceeding clockwise, n 21, 11, 21, 11, and all the singularities are located within the first dark ring. The vortex nature of one of the phase singularities is detailed in Fig. 4 .
The phase image in Fig. 3 also shows a circular feature corresponding to the position of the dark ring in the intensity image. The central spot has a phase that is different from its surroundings by approximately p, in agreement with theoretical calculations. The phase step is smooth rather than instantaneous, because of astigmatism and spherical aberration. The width of the nominally discontinuous p phase transition provides a measure of the phase-imaging resolution; from line prof iles, the resolution is better than half a wavelength.
The intensity image in Fig. 3 apparently shows nonzero value at the singularities. This may be due to the finite imaging resolution, since the detected intensity is an average over a one-pixel area, determined by the resolution of the near-field probe and the scan step size. In addition, the signal measured at the output of the f iber coupler is an interferometric mixture of the signal and the reference fields. Imperfect mixing leads to loss of contrast in the resulting intensity measurement. 20 This pattern of vortices corresponds both to that predicted and observed by Kreminskaya and co-workers 11, 17 for focusing of a Gaussian beam through an astigmatic Gaussian lens formed in a nonlinear medium and to our own calculations for a spherical lens [ Fig. 1(c) ]. The nonuniformity of the f irst dark ring and the smooth-edged phase step that occurs at the ring are consistent with this type of astigmatism.
If the focal plane has been deformed to lie on a curved surface, the variations in intensity around the dark ring correspond to variations in separation between the image plane and the curved surface. The four vortices shown in Fig. 3 are the four points of intersection of the image plane with the Airy ring.
Other measurements at distances up to 20 mm along the optical axis show the persistence of the vortex quadrupole, suggesting that there is considerable distortion of the focal surface in this focusing system.
The technique described here provides a direct method of imaging the phase-singularity structure in the focal region of a lens, with a spatial resolution better than the wavelength of the light under investigation. The ability to image the complete wave f ield (phase and amplitude) will have important benefits for the study of novel optical structures such as vortex solitons and tightly focused beams used in atom-or particle-trapping experiments. Our results conf irm that we will be able to characterize directly the imaging performance and aberration of high-N.A. lens systems, as well as f ields produced by other diffracting structures.
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